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Ca]ifon)ia l))stitut)c  of ‘J’ccl)nology,  l’asadm]a

.Al@act

F u l l y  tllrcc-cli[llcllsiorlal Ilullmrical ]ImlrIls I)asccl ou
l,:~rtic.lc-itl-cell with hforltc Carlo collisions (1’lC-h4CC)
silmllatiolw  are dcvclc)lwd  to s t u d y  ion t,llruster  })las]lla

illkractiolls. 3-1) sirtmlatiorl  rcsulk f o r  tlIc NS’1’AIL
iml tllrust,cr IJ1aSIIIa Cllvirotllncllt a r c  I)rcscnt,cd.  It i s
fOIIIId that  cllargc-cxcllaligc  ic)ll backflmv  wi l l  gcllcratc
a  I)lasllla cllvirolll[w]lt wit, tl a d e n s i t y  o f  106 CIII’ 3 and
a currcrlt dcrlsity  of 10- 7A/cm2  lmar  tttc dowltstrcarm
facitlg sl)acccrafi surface. ‘“; ‘“ ‘ ‘ ‘“ ‘ ‘J nc I~arLlclc srlnuraLloI]  II KKICI

arltl calibratiorl c)f NS’1’Alt di-

]. Irltroductic)Il

l’;lcciric  [)rol)ulsioli  d e v i c e s  a r c  v a l u e d  as a lligll-
sl)ccific  irnl)ulsc c l a s s  of s~)acc I)rol)ulsioll. ‘J’o basclirlc
tllc usc of it)rl l)ro})ulsioIl  or) spacecraf t ,  NASA lias ini-
tiated a tccl II Iolop~Y (Iclllorlstratior] arid  validation) ~)ro
g,rarn NS’J’AIL ( N A S A  Solar -14;lcctric  l’ropulsiorl ‘J’ecll-
rlology  Al~l]lication  l{radirlcss). Ttlrougli  g r o u n d  t e s t s
and a sl~acc flight cxl)crimmlt, NS’J’AR will validate tllc
life and Iwrforlnance o f  xcnorl  iou ttlrustcrs, cllarac.tcr-
im ltIc  I)ctlrfits and t radeoffs  of  xcrloll  ion l)rol~ulsioI),
and study tllc irlkract,iorls and any I)otclitial i m p a c t s
illduccd I)y ion ttirustcrs.

It Ilas  ]orlg Iwrl rccogrlizcd t}lat tl]c iolr tl]ruster
]) IUIIK7 COUICI  result in cornl)]ex  l)lasrna illtcractiolls wittl
t}ic ]Iost  sl)acccraft[l  , 2, 13] .  AII io]] tl}rmstcr  l) IIIIIIC is
co~l~lioscd of l)rol)cllarrt eftlux  (lliF;ll  crlcrgy })cal[l i o n s ,
IIcutralizir]g elcctrolls, and unionized IIc(ltrals t h a t  cs-
ciil~cd ttlrougll tllc iorl ol)t,ics  a!ld  froln tlic rleutralizcr),

● Me,, J,cI ‘Jicl,}tical S(aff, Advmiced  I’rol>ul.imt ‘Ikc}l]iology,
MCVIIIW  AIAA

t Sul,crvisor, AdvaIIccd I’rcq,ulsion  ‘1’CCIIIICIIW,Y, h4clIJjcr  A 1A A
i NS’]’A}{ ] )iagl,os(ic I;lcltwl]t l,cd, MCIIII,CI AlAA
Co]yrigllt @199Ci  lIy ‘1’IIc Allml-ica!l II]stitutc of Acrcm,au(ics

atid Astrol)a(ltics,  lIIC,

rlortjlrol)ellarlt cfflux  (rrlateria] sl)utkrcd frmlt t}lruskr
col])lmrlmlts  a r i d  t h e  rlcutralimr), ar id  a  low-c r]cr-gy
cllargc-cxcllarlge  I)laslna (gcrlcratcd through collisio]ls
bctwccrl cnr-rgctic io]ls arlcl llIc  rlcutrals witllirl tlIc
J) II IIIIC). ‘J’hc }~lasrna plu IIIr lIas  raised various c.ollccrlrs.

For illstarlcc, tllc charge-cxchangc ions earl Ica\rc ttlc l)ri-
trlary l)lurrlc  and t)ackflmv  t o w a r d  tllc sl)acccraft. llack-
f l o w  cliargc-cxclla]}gc ions  arc ttlougllt to I)c tllc II]ajor
I[lccllallisrn for  accelerator ~rid  erosiort. ‘lIIc dcl)ositiorl
o f  tltc l)lIIIIIc })articlcs orl tllcrrrlal and o~)tical  s u r f a c e s
lnay rcslllt in a ctlarlgc  of tllc surface l)rol)crtim. S i n c e
c}largc  Cxcllallge  icn)s may il)tcract lvitll  tlic solar arrays
c)r ally  cxl)oscd corrdtrclirlg  s u r f a c e ,  tlIc  I) IUIIIC rc~)rc-
scIIts all adciitiotlal  cllargilig  rncc. tlariisrrl.  “1’IIc l)la.sr[la
I, II IIIIC rllay  also affect in situ IIlcasulcltmtlts  of aInl)iellt,
c.llargc(l ])articlcs. AltlIouglI  Illc  xftlc)rl iorl ertgille  IIas

a sulwtat]tially lowcI  colllatllit)atioll ljotcrltia] cor]lJ)arcd
to other types of l,rol~ukiorl  devices ,  rlcvertl)clcss,  tl)c
itltcractions  iliduccd IIIIIS~ l)c fully  unders tood  atld  tl~cir
ilnI)acts qualltificd.

‘1’IIc ljllr~msc  of ttlis I)alwr  i s  t o  s t u d y  ior) tllrustcr
])laSIlli!  illtcractiolw and (Illalltify tllc iorr tllrllstcr ill-
duccd I)laslna c~lviro~]rrwrlf for NS’J’A Ii.

1 0 I I  tllrustcr l)la.<rtla itltcractiorls I)avc lJcclI sludicd
f o r  solIIc  tillm. lkccntly, l’cIIg ct a l .  used  clcc.tr~
static I’IC- hJCC silnulatiolls to rnodcl  tlIc illllllcdiatc
dowrlstrcarll  rcgioll  of thruster  accelerator  gr ids  and
s t u d y  g r i d  crosioll l)rol)lcllw[7,  8, 9]. Salnallta l{oy et
al. US(>CI e l e c t  rostat,ic 1’1(; sitnulatiolls to rnodc]  tl)c

fir-do} vnstrcaln  rcgiorl  all(i s t u d y  cllargc cxctlallgc iorl
l)acktlow[14,  4, 15]. IIcre, we l~rcscrlt  a  deta i led  sirllw
Iati(,rl  o f  t}lrustcr illduccd l,lasrlla cllvirorlllmtlt I)y corb
sid(rillg a I]lasli]a I)IUIIIC cttlittcd froln a 3-dilllcrlsiollal,

finite size, c.tlargcd  sl)acecraftj.

‘2. l~orllmlatiorl  arid  A{,l,roacll.

‘J’IIc NS’1’AI{  iorl”tl]rustcr al]d diagr]ostics  will I)c flow II
OII ttle 1) S-1 sl]acccraft. l;ig.l illus. tratcs  tllc IN- I space-
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craft d~l)loycd  cmlflg,urat  ioI1. l’ig.2  slImvs  a silllljlificd
‘“1)S 1 configuration Lllat is used in our silllulat ion. ColI-
sidcrillg tllc oriclltaticrll  o f  tllc Sun  a~ld t}lc sl)acccraft

orl)it, WC take tile solar array surface facing tlIc  z clircc-
tic)ll, and tllc thrus t  d i rec t ion  in tllc x clircctiol].

1) S-1 is alI irlkrl)lanetary sI)acccraft. SitIce  tllc irltcr-
~~lallctray  altll)icnt I)lasllla dcllsity i s  al)out ll~,~,~i~,,r w
1 cn” 3, the l)laslna crlvironmellt surrounding  1) S-1 will
Iw dornirlatcd b y  the ion t h r u s t e r  g,mwratfd crlvirolt-
rlwrlt.  llerlc.c,  wc s h a l l  rleglcct tllc arll})icrlt I)las  IIIa irl
our Srrmrl atrolls.

NS’1’A1{. l’arameters and  Silnj)lc  (;alculaticrlls

‘J’lIe NS’I’A1{ ion ttrrustcr i s  a  30crm xcncr]] icm
ttirustcr. IIcrc wc l)rrwcrlt  solne Imsic calculatior)s relc-
varlt  to tllc NSrl’All  ion tlrrllstcr l)las]r~a erlvirorlrrlcnt.

%rnc of Ll)c basic I)araltmtfrs  for tllc bcalll ioris arc:
Imal[l  ion C.rlrrcllt: lb c< ] .76A;  exi t  l)caln Vc]ocity  of tllc
iorls: ~~bi(l ~ ~.b x  ]06 crrl/s (] ’;xit ll~arll  kirl~ti  C C1lCr~Y:
]i)’jbio ~ ] ]()()fv); lfllll)~rat~]rc’  of  th(’ }) f.’arll iofls: ~~ &
5 0 0 1 {  (1{1’/’~1 v 0.04c\J); tllcrr[lal velocity of tllc t~calli
iol)s: ~~fi v 1.6 x  1 04 

CIII/S.

1’roIII  tllcsc I)aralnetfrsl the average hcarn ion currcl)t
at tlirust,fr fxit,  i s

JbiO z ~/nr’~ ? 22.8 A/rn2 (1)

and tlIc a v e r a g e  bcarn io]l derlsity at t]lruster exit

~lb~ = JVIO/e?~bl 5’ 4 . 3  X  109 CItI-” 3 (2)

Mcasurc]ncllt,s have slIowlI  that tlIe  bcarll ions form a
diver-gcv]t flow wit])  a divcrgcrlce Ilalf allp,lc al)out 15 to
20°. ‘J’IIc radial Ilcalll currcrlt,  density l)rofilr is a.ssurlml
t o  follow  a Caussiall (Iistril)utioll:

lJtil x Jbin,ar CX1)(- (T’/VJ)2) r < VT (3)

wllcrc Jhitlla T is t]lc currc]]t,  de]lsity irl tllc Iwaln  cc)ltcr.
Altl)oug,ll  the actual distril)ut ion is ]norc  I,eakcd[l  ]].

‘J’lIc lmaln ions arc llcutralized outs ide  tllc t h r u s t e r
rxit,  l)y clcclrorls crllittcd froln tl]c ]Ieut rali~er. ‘J’llcrc
IIavc l)CCII no d e t a i l e d  mcasurcrncnts of t h e  e l e c t r o n
cllaracteristic.s it] (IIC I)IUIIIC of tlIc  NT S’l’Ali tllrust,cr.
]’or a  sirll[)lc  al)alysis, ollc  m a y  assutrm  ~llat ttlc clcc-
trolls flow a IIoltzlllall distril)utiorl

71C N ne,,.dj  cxp((a~  - a’rrj )/1: ) (4)

‘Jlis assutn]~tioll, wrllicll irrll)lics  that tile I)lurnc  is quasi-
itcutral aucl the e l e c t r o n  I)oprrlatiolt is ir) rx]uilil)riulnj
lIas  Iwcrl used  it] all Ilost  all previous l~lu]rw studies. ‘1’IIc
c]cctrorl Lclnl)craturc  1: is tyl)ically  tllougllt to be 7; w

1  5c\l. Altlloug}l  SOIIK rlwasurcllwrlts  suggrst t h a t  Y:
illay  lw riiucli  lower tl)all this vallrc.

Assulrlirtg  ~: - 5eV (clectrcrlt  thcrlnal vclocrty vf. Y
9 . 4  X 107crn/s , and using ot]lcr I)ararnctfrs ]Jrcsct]trd
at)ovc,  onc  e a s i l y  firlds  tl]c  followirlg  I)asic  ])lasrna [)a-
rarlretrrs irnrncdiately outside t t]c thrustrr exit:
I)las]lla  density: no V 4,3 X 109 C?ll- 3

clcctro]l and ion ])lasrrla  frcqucllcies: Ld,,eo - 3.7 x
109rad/s allcl LL),,l(j X 7 X  106rad/s
Dcbyc  lcr]gtli:  ~~~~ -2 .5  x  10 - 2

C I 11
ion accousticvc]ocity:  C,o N /1~/171i N 1.84X 105cr11/s

II;xl)alwicrrl of IIealn 101IS

l)urillg n o r m a l  ion tllrustcr olv.-ratiorr,  clectroll crllis-
siori kcel)s  tllccxltaml ])lurlw  quasi rlrut.  ra] and I)rcvcnts
thesl)acecrafl fro]]) cllargillg  lll)sigrlificallt ly. ‘1’yl)ically
tfrc  s})acecraft l)otcr)tial O$ic i s  much lower  tllall that
o f  tlw lwaln io]t Iiir)rtic e])rrgy,  If O)., /cl  < <  J)’  J’;Jj(j.  ‘J’llc
bcarn iorls w i l l  rnairl]y  F;o :ilorlg  lirlc c~fsigllt, ~J’bl N ~’bio

and tllc c o r e  rcgiorl  o f  tllr icrrl l)caln Jvill kecj) its m
~}~rc])tstr!]ctllr~. ]~i~.3as]l[)ws  t]]r’ l)ca)l)  io]) d~r)sity  ?)b
in tllc c o r e  reF;ic)li.  l:ig. 31) sliows  tllc I)cal[l  iorl dcllsity
IIortllalizcd t)y n~o aloll.g ttlc radial direction at thruster
exit.

A  IIigl) dctlsity  ]Jlasltla  I)calll  cxl)a[ldillg i]lto a  vac-
uurrl  c)r l o w  dcllsity  l)la.sllla  rcgim w i l l  alsc) urldcr go
an exl~:illsiorl  wlicll  tlic l~eam cicllsity  i s  ltmotllcrrnal,
t~ti < <  ?~bi < <  l~td. ‘J’]lercforc,  d u r i n g  llorllla] t]lr USt C’r
o~)cratio[ls,  arl cxl)ar}sio~l fall  sitllilar  tc) that o f  ~]laslna
cxl)altsioli into a vacuurll[16]  is gcllcratcd o u t s i d e  tllc
L)eal!i rcgio]].

Assulnirlg 1~ x5cV,  tllc Mach  rlurnl)cr  f o r  tile I)cam
io]ls al tllrustcr exi t  i s  flfl,o v lJ~i(j/C~(, Y 18. IJct I I S
dcrlolc 0 arl cxI)allsioll arl~lc  start ilig fro]ll  tlrc  I)calil
dircc.(i(]rl,  and 00 = sirl -

‘( fi’f;O l). Ass~lrl~irl.!,  tll~cl~c-
trolls f o l l o w  tlie lloltzlriallll rclatiorl l;q(4) and follow-

ing  Wallgaltcl  Ilastillgs[16], orlc earl snow that lIIC Imaln
icr~ls will cxJ)and  outward !Vith a velocity

llorr]]al  to tllcir origil]al lillc  o f  s i g h t  dircctiorl. ‘J’llc
bcartl ioli dclisity arid  tllr cxl)arlsiotl arlglc  0 l]avc tl}c
follorvirlg  rclatiorlslii])

III J’ig.4 wcl,]ot lI;q(G) f o r  tllrcc f140,  A4[) = 2,tl,alld 18.

A s  l;ig.4  SIIOWS,  at Afo > >  1 ,  t h e  ion dcllsily  associ-
ated w i t h  tllc cxl)arlsioll fall is rlcg,ligil)lc  for O ~ 9 0 ° .
JImlc.f,  urllcss  tllcsJJacccraft isvcry rlegativcly cllargcd
o r  tllc I)carrl  is tlot  quasi llcutral, t}lcrc  is no ii]trractior)
t)ctwccll  tl)c  I)cat[riolls arid tllcs])acccraft.
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(;hafgc };xcllallgc  Ion  I’rcrduction

‘I’l Ie ul)io],  ized ])rc)~)clla]lt for]ns a I]cutral 111 UIIW, A s
1{cf14] s n o w s ,  tllc drvlsi(y  distrit,lltioll of t h e  I]cutral
]) IUIIIC  is Imdclcd as that of a free IImlccular flow frolll

a  Imiut source lcwatcd at onc tllrust,er radius ).7. l)c]lill(J
tllc thruster exit. IIcr]cc,  tltc density disLril)utioll  ofttlc
ltcutra] l)lu]tm  is give]) t)y:

,,,,(1/,0) =:{,?,,,0(1- (1+ (y; )p)ccxm ( 7 )

wllcre?l,,o istllcavcrage rlciltraldcllsity at tllrustcrcx it,
}/is tlleclistancc totllcI )oirltsollrce, O is  tile allglc lJe-
twccIl  ltal)cl tllcdownstrca~ll  axis ,  and a isacorrcctio]l
factor. Ttrlo isrclatcd totllc ion bcaln viatllc fol lowing
relationslli})[4]:

(8)

w]lcrc (; L /8k7L/~tllr~,,0,1 is tl,e *ncal, tl*cr]Inal s~ccd
of the ]Icutrals, and V,, is the propcllalit u t i l iza t ion  cfli-
cinicy. ‘J’yl)ically,  t}ic tllrust,cr cliscllargc  cllafnlwr w;ill
i,clnl]cratr)rc i s  Y~, v 500K.  l“or norl[)al  tllruskr cJlJcr-
atiolls, 1)), rallgc fro]]] 0 . 7  to 0 . 9 .  A  sig[lificallt lli@Cr
neutral ])lulnc  density Inay  also tm ol)tairlcd citller d u c
to  lcmr l)ropc]lallt u t i l iza t ion  or  tllrouF;ll  extra IIcutra]
sources. l“ig.5  snows tlIc neutral I)lumc  dcllsity  co[]tours
calculated frcnn lkI(7)

(;tlargc-cxcl]allgc c o l l i s i o n s  w i l l  occur bctwectl tllc
lmaln i o n s  and tllc llcutrals. ~llargc-cxcllallgc io]ls
llavc  Iwcn  tllc ])rilllary collccrll f o r  l)lurne  colltalllitla-
tioll. NCXL wc do a siilll)le calculatio]l of tlic r - l l a r g c -

. ( - (  ))alldCXC]ial)gC CO1IIS1OI1  frCq UC1l Cy 1/CM -  t~,,l)bicc~, l~b,

tl)c  cllarge-cxcllallgc ion  I)roductiol] r a t e

d?lccT/d~  : ~~bl?~}l~~b:~c~=(l’bi) (9)

IIcar  Ll)c tllluster exi t .

‘J’IIc cllar{;e- cxcllallgc  collision cross section for XCIIOII
call  Ilccxljrmsed l)y[12,  4 ] :

o~~= : (k, l]] l)bi 4 kz)z  X 1 0-2 0  ?712 (10)

w]lc!r~  ~~bj  is bcti]]l  io]l v e l o c i t y  wit.]) ~]llit ill ]1~/s, kl ~
- 0 . 8 8 2 1 ,  and kz = 1 5 . 1 2 6 2 .  l(’or ?)bi C- 3.3 x 104 111/s,
u~cr ? 3 . 5 x  1 0- 15 cm2. IIcllc.c,  at tl[rllstcrcxit, wcfirld

l/c(3,0 : ~lr,(,~)bi~cer(vbi)  N 6 x 103 S- ]

and

d?~C~rO/dt  - ~~bi(,l{,]O~~blac~  f(~~b:)~ 2.4  X  ]013C)11-3S’1

It is cot)vcllicllt t o  c a r r y  out tllc followit[g  Ilortllal
izatioll  usilig plaslna paralmkrs n e a r  (Ilc ttlruster exit:

r,

1;CC2  z i~ccj/LliO,~cer  = ~lcer/I~biO  ,fibi : ~lbi/~~biO,

ii,,  : TI,, /TI,,  o, and t : iti;,io. ‘] ’t)c  dilllcnsiolllcss  chargc-
cxclla]lgc  c.ollisio[] frcqllcllcy at tl)rustcr exit is tiCC=O &
8.24X  10-4 atld t}lcclitllellsic)ll  lcssctlarge--excll artgc l)ro
ductioll  ra{c  is

l’articlcSilll~llatioll  hdodcl

II) o r d e r  toqua)[tify tile ion t}lruster l)lasrnacnviroll-
Tlmtlt, a  sc]f-consistellt calculatio]l o f  tllc I)lasllla l)ar-
ticlc ort)its al)d  tllc e lectrostat ic  I)otcntial i s  required .
\f’c- tlavedcvclo])cd a set of fully 3-dirlmlisiotlal }~articlc
sitlmlatiorl  ~)mgrallls  cotlsisting of Ilybrid e l e c t r o s t a t i c
(I;S),f (~lll~articlcl;S l’l(;-hl~(; si,l,l,latic~ll,  a],d  f u l l
l,ar(iclc c]cctrolnagllctic (I;hf) l ’ar t ic le- i t l - (k] l  hfolltc-
(;arlo c o l l i s i o n  (1’l[;-hf(~~) codcs[21].  ‘J’IIc sirnu]atiorl
IIK)dcls and algorit}lllls~ ~ereclisc~lsscd  ill l{cf. [21].

Sillcc  our ellll)llasis  Ilerc  i s  orl tllc cllarg,c  cxcllallge
ions  ancl tl)c I)laslna cllvirolll[lcrlt,  we sl]all usc ttlc lly -
I,rid  si]llulatiorl code wllicll  orl]y fo l lows ttle io]l tra.jcc-
tmrics  and assullm t h a t  the clcclroll dmlsity ?{, isgivcll
tlytllel }oltzIl~a]il)di  stril)~ltiollccl  (4). ‘1’llisal)l~roacli]lc-
glccts tllc details [Icar  lllc tlllustcr exit I)ut l~rol’ides a
Inorc  cfl”cctivc  way to calculate ior] dy[lalilics ill a glol)[tl
Scale.

Our silnulaticm sctul) i s  snow])  ili 1’ig.2. ‘l’lie sl,acc-
ciaft is IIiorJcled  as a ~lrli]llcllsiollal I)ox strllclurc with
a coilductil)g  surface and a surface i)otclltial  @u rclfi -
tivc to tllc arnl)icllt. At eactl  tiltw stel), tllc I)rol)cllatlt
ions  arc i n j e c t e d  iilto tllr- sirlllllatiml dolllaill frmll  t.llc
t h r u s t e r  exit to  for[[l  a I)caln  dmcril)ed  I)y cq(3). ‘Il]c
IIclltral plunlc  is trcalcd as a  s t e a d y  state I)ackgroutld
dcscril)cd I)y cq(7). ‘J’l]e cl)argc-cxcllalge ions  a r e  gm-
cratcd a c c o r d i n g  t o  N](9)  l)amd o]) tllc l)ca III iml atld
Ilcutral dcrlsity I)rofile.  ‘1’lIc t r a j e c t o r y  of cacll  cllargcd
l)article is il]tegrated frorl)

(Isirlg a  s t a n d a r d  Ical)frog  Scllclncj a]l(l Ilic sclf-
coilsistellt  e lectr ic  f ie ld  is  oljtai]led  frol[l  tll( I’oismll’s
c<luatiorl

“:! q, - - 47rp (12)

Sitlcc  cc)r(ll)~ltatiollally  it is not feasil~le  to set tllc sitm
Illal.ioll  clolnaill  large ctlougll f o r  tllc o u t e r  I)oulidary
to  I)c tl)c u n d i s t u r b e d  atlll)iellt,  a Nculnall]l collditiolt
V4J,,  : (J i s  u s e d  at all outer I,ourldaries  oftllcsirllula-
tio]l do]nain.



Sitlr-c tllc dillwlwmlls  of LIIC solar array for tllc 1)S 1
sl)acccraft li:is  riot  yet b e e n  cfdillcd, IIcrc  we shall cm-
sidrr t,l)c sl)acccraft c.oilfigurat.  ion showli  ill If ’igurc  %

(110 solar array). ‘1’lIc s])acccrafl is takcll to I)c a cul)ic
I)ox wit, ]l dil[wllsio))  lm x lm x  1  77), III tlIc  si]nalatiol]

results I)rcscrltccf  IIcrc  (with (I]e cxccj]tio]l of lrigure 7 ) ,
tllc sl)acecrrrft i s  l o c a t e d  a t  2 s ~ ~ 1 6 ,  15 ~ Y < ~~1,

a[ld 15 ~ z ~ 2 9 .  ‘1’llc t h r u s t e r  exit ccnkr is localcd
at~~ 18, y=22, alldz= 22. ‘1’llc thrust direction
i s  in ttlc x dircctiorl. ‘l’tic gricl rescrlutio])  is takcll to Iw
dcel~ v 5.2c  In. ]n th is  J)almr, tl)c nlllnl)cr of grid  IJoillls
used for the silllulatior]  doroain is 47 x 47 x 47 arlcl ttlc
]Iurlll)er  of b.wt ~)articles is in tllc rarlgc of 106.

‘J’l)c l~aralnctcrs f o r  tllc hr-atll  iorls alicf cllargc-

exchallgc ion I)roductioll  h a v e  bccrl  d i s c u s s e d  ill tllc
last scc.tioll. ‘1’hc sl)acecraft l)otr-utial n e e d s  to I)c dP
tcr]llirlcd I)ascd  orl tllc glol)al  sl)acccraft charging colI-
ditio~l.  Under IIorlllal thruskr  ol)cratiolls, (Ile sl)aco
craft cari IN> cllargcd OIIIY to a  low l)otclltial. IIcrc,
we t a k e  t h e  sl)ac.ecraft I)otclltial to tw - @~lC/l~  N 3
(J{l’;*io/[Cd’,,~1  & 33.3).

III l“ig. i’ tllougl) l’ig. 1 1 ,  we slIow sill]ulatioll  rc-
SUI(S 011 a xy I)la]lc  cuttil)g tllrmgll tllc sl)acecraft arid
ttlruster ccrltcr at 2  = zfhru$tcr = 2 2  (tile “ccllter ky
I,lane”). l“if~.7 sl)ows  tlie I)otclltial  c o n t o u r s  f o r  tllr’ rlo
Iwaln  situatiorl. Whcrl t h e  tllrustcr is olwratil[g, sillcc
/{]’;biO/lc~’~/Cl  >> ] a n d  tllc bca!ll is quasi llc’utral,  tllc
Imalll  ions arc Ilot  i]lffucllced  l,y tllc l)otelltial field. ‘J’l Ic
I)ca]il  io]l ])(witioIls  arc SIIOWII ill 1’ig.9a.  A s  l’i.g.8 SIIOU’S,
tlIc  structure of tile })otclltial field is dolnillatccl I)y tllc
dis(url)allce frol]l  tlIc IIigll dcllsity  ion }Icalll. Sitlcc  (Ilc
clcctrolls arc ]nuch  rnorc  rnobilc  l}]all io]is,  llIc I)calil
cclltcr  lIas  a  tligllcr l~otcrllial.

Ck)llisiolls  I)etwecll t h e  Iwaln iorls atld tile ltculral
I)ackgroullcl  gcrlcrak cllargc cxcllallgc io]ls.  ‘1’llc cllarg;c
cxcl Irr IIgc ion l]roductioll rat.c  is I)rol)ortio]lal to tflr ]ICW
tral density and hcar]l ion density,  as SIIOWII ill l’igllrc 6.
III contrast to tl)c bcarn ions ,  tile lnotioll of t IIC cllargc
cxcllallgc iotls  a r c  irifluencccl  t)y tlic I)otcmt,ial ficlci d(lc
t o  tllcir l o w  killctic culcrgy.  lrig.  91) and 9C a r c  a  x-y
I)ositiol]  I)lot  al~d a vr/C~,-z  IJllasc  s p a c e  l)lot  for ~lIC
cllargc-cxcl)angc  ions rcsl)cctivcly.

l,’ig. ]0 SIIOWS tllc Ilorlllalizcd total ic)ll dcllsity,  iii~,, =

/’
. ,

?li~,~ )Ib,o, and thC cllargc  CXCll:illgC’  1 0 1 1  (1( ’I IS1(J’, )IC(l :

~lcr$/71biO!  011  tll~  cC~ltCr  XY I)I:+l)C l’ig.l la  sllowx lIIC
.,

IIorlllalizcd cllarge-cxcllarlgc  ion currcrlt density ~Ct,
Fig.] lb s~lows tl]c dircctiorls of tllc cl]argf.-cxcllal lgc ion
current 3,,, /13.,=1.  It is obvious that tll~ Potential fi~’ld
i]lffucllces  tlic cllargc CXC}laTlgC!  iolis  irl two w a y s ,  I’irsl  ,

dtIc to tile llegat ivc I)otclltial  011 ttlc accclcratiorl g r i d ,
cllargc cxcllallgc ions I)roduccd Iicar tllc ttlrustcr e x i t
will I)c accckratcd towards tllc tllrustcr exit. ‘J’llis l)zrck-
flow causes crosiorl 0]1 (IIC acceleration grids. Second,
sillcc  tllc plu]lw ccrlter Ilas  a  Iligller  l)otelltial, cttar.gc
excllallgc ions  l)roduced within  tllc I)calll  call f l o w  r a -
d i a l l y  o u t w a r d  tllc I]caln  rcgioll. It is well rccogilized
t h a t ,  oIIcc outside tllc I)IUIIW,  cllargc cxcllallgc  ions  rllay
lWCOIOC a potclltia] colltalllillatioll sourrc.

once outside tllc t)caln, cllargc-cxcllallgc  ions fall itlto
tllc illflucllc.c  of tllc glot)al  potmltial f i e l d  surroutldillg
the s p a c e c r a f t .  If’or arl i]ltcrl)larlctary sl)acccraft, since
ttlc arllllicnt  I)lm!na density is low, tllerc will always bc
a  t h i c k  stlcath surroulldillg, tllc sl]acccraft. l’;xccl)t  f o r
t]losc cllargc-cxcllallgc ions generated right dowllstrcaln
of tflr (Ilrustcr, ttlc co]lcctio]l  o f  Cllarp,c-cxc  llallgc iotls
by tllc sl)acecraft is  silllilar t o  tllc currcllt collcctioil  I)y
a l)rolw  irl the orl)ital rnotic)n  litllitcd regime. AS l’ig.1(1
Snows, tl]c  outflow of cllargc cxc.llarlgc  iolw form a wing
sllaljcd stcucutrc.

ltl l~ig, 12 and 13, wc snow cllargr cxcllallge ion IIUt II
her det)sity and cllrrcllt dcllsity at s e v e r a l  do}vllstrcalli
distarlccs CJII 0]1 tllc cclltcr xy lJlalIe  (z: 2 2 ) .  l~ig. 12
sllc)ws ill~,~ allcl ilcd= a t  (Ilrcc dowllstrearll distrr]lccs:
z = 1 9  (it[lrilcdiatcly Clcnvllstrcalll  o f  tllc t]lrustcr);
r = 2{1 (Wcrn do~vllstrcalll o f  tllc tllrustcr); and Y = 38

(Iolcrn dgwrlstrcar[l of tlic tllrustcr). lrl l’ig.  1 3  w c
co[[lI)are  Jeer at thruster exit, z = 18, and at sl)acccraft
surface Y = 16. WC firld tlIc  cllargc cxcllarlgc ion dcsllity
I,CC,  /Tlb:O W ().33, or ?~~~= -1.4 x logc~~~- 3 ricar thr(lstcr
exi t .  ‘J’l)e sl~acccraft’s Clowllslrcall]  surfitcr scm a cllargc
io]l dcilsity  ?~Ccl/),biO  -~ 0 .001 ,  o r  IICe, N 4 X IOGC?I1- 3

(wllrw  7,:  2 2 ) .  Note tl,is dcrlsity is sip;rlificantly  l a r g e r
tllall tl]c  illtcrj)liillctary arnl)icijt l)la-slIIa dcllity.

l]) IUig.  14 arid l’ig.  15, wc SIIOW sillllilatio]l  results orl
a xy I)lane  cuttirig ttlrougl) diffcrcllt 7 l o c a t i o n s :  2 = 24
(i]nrncdiatcly o u t s i d e  c)f t}lc tllrustcr); z = 25 (5.2CIII
o u t s i d e  f r o m  tlic tllrustfcr); a]ld  z ~ 28 (5.2ct  II ilwidc
frorlt  tllc sllac.ccraft cd~;c). Nc)t surl)risillp;ls, tlic cllargc
ion dc)lsity dccrcasrs a s  OIIC Inovcs  further a}vay frmn
tlic tllruskr cctltcr.

A s  cvidcrlt  frolll tlIc vcctmr  [)1o( c)f ;; and tile rcsul(s
sllow,ll fro]n  l’ig.  1 0  t]lrougll 15, w c  fitld tlltit a  sylll-

IIlctrically  slla})rd  sl)accc.rafL  ctlargf’d  tc) a  fcw q: call
riot  1)1111 a sigllificarli allwurlt  of cllarfy-cxcllangc ions to
tllc ulxtrearll sllrfacc o f  tllc sr)acccrafl. ‘1’llcrcforc,  ~llc
rarll s i d e  cr]virotlmcnt is ~iot disturl~cd I)y tile tllr-ustcr
ol)cra~iorl.  lloivc~fcr,  this conclusion  Illity  no t  lIold if tllc
sl)acecrafL  is IIigllly  diflcrcllt ially cllargrd.

4 .  Sulllrtlary  and <~ollclasiolls
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\~~c “}]avC ~icvcIo1,c.d a set of f u l l y  tllrec-(lilllellsiol~al

cllull~erical  rnodcls t~ascd 011 Imrticl e-ill. CCII  wit}l hlontc
(;arlo mllisioris (} ’l C;-hf(;(;)  si~nulatim)s to study ion
t}lrustcr  I)lasll]a itltcractions. 111  this I)al)cr, we al)l)liecl a
IIyl)rid  l’l~;-hl~l[} nmdcl t o  ot)tain the tllrustcr illduccd
cllvirollllwllt  for  NS’I’A  I{. Our silnulatiolls SIIOW t h a t
ttlc cllargc-cxctlallgc iott d e n s i t y  i s  almut llC~*/?lb~O w
10-3  (n,cz w 4  x  10 Gcnl- 3 IIcar  tllc clownstrcalll  -
ffiCjll~ S]  KiCCC.Caf~  SUrfaCC  ar)d  d)OUt  ?iccr/)lbio  N ().3

(11,,7 - 1.4 x lo~c?n-3 a t  tliruslcr e x i t .  ‘1’llc cllargc-
cxcllaugc  ion b a c k f l o w  currmt Clcllsity is almut 3CCT w
1 x lo-7,4/cm2 IIcar the CtOw’l]Strei~m  facing sl)acecraft
s u r f a c e  and al)out ,lCel w 5 X 10 - 6A/cn12  a t  thrus ter
exit,. ‘lllcrcforc, under n o r m a l  tlirustm o[matillg coll-
ditions, cllargc-cxcllallge i o n s  should  riot  alter a sl)ac.c-
craft’s cllarf; illg mivironlmrlt. ‘1’hc ullceriailltics ill re-
sults I)resmlt  cd ill this pal)m coltm  frorll  t Ilc assu]llptiolt
o f  e l e c t r o n  IIoltzlllallll d i s t r i b u t i o n  atld II)c a,ssut[icd
v a l u e  of clcctrcm klnl)cratrlrc. Our reccflt full i)articlc
silnulatiol)s sugfystcd that tllc elcc. troll distril]utioll sell -
sitivcly dc})(,IIds 011 tllc illtcrations bctweet! l~calo ions
:IIICI  clcctroI]s[22]. ‘J’l)c clcc.tro]l  cllaracteris(ics arc I,ci[lg
s t u d i e d  ill detail in our ongoil)g rcscarc]l.

‘J’llis I!mcicli]lg  study is pcrfor]ncd to cotnl)lilnr=l]t  tl~c
NS’1’AI{ d iagnos t ics .  Our  })articlc silllulation II]odcl  is
c u r r e n t l y  u s e d  t o  IICII) tllc dcsigpl a~ld calil)ratiol]  o f
NSrJ’Al{ diag,rmstic  ittstru~llcllts. IJI t)w future, our IIU-
lncrical  results will also I)c co]nparecl with cxl)erirncI]tal
data  ol)tai]lcd fro]ll  ongoing grou]~d tests of tile NS’1’A  1{
tl~rust  cr as well as in situ mcasurmwnts al)ord t llc 1) S- 1
s])acccrafl.
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!1t o u r s  f o r  dilc,~  c i otl tllc cclltcr xy I,lane. ((;orltour

lrwel: ((lilC c r/f i t) /?il / C C rO  = ().01.  0.05, 0.1, 0.5, 1., 1.5).

lrigurc ‘ i :  l)otf]itial colltolirs olI tl]c cclltrr xy I)lalle
for  IIO I)caln sitllatiol)

l~igurc  8: I’otrlltial contours ( a )  arid  1~ field  (1)) otl
ttlc celltcr xy l)lallc. Silllulatioll  c a s e  A .

]~igllr~ {): ]Ira[ll iotl i)ositiotls ( a ) ,  cllar.gc- cxcltallgc
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s e v e r a l  dowl]stceiilll d i s t a n c e s  orl tllc cclltcr xy I)larlc
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a  xy I)lallc  cutting tllrougll  diffcrcllt z. ]ocatio]ls: 2 = 2 4
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